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An efﬁcient and solvent-free procedure for the synthesis of ﬂavones using KHSO4 as a
recyclable catalyst is described. The methodology represents an environmentally friendly
process in comprehensive consideration compared with other catalytic systems listed in
publications. This method provides a clean, simple, solvent-free reaction and useful al-
ternatives to prepare ﬂavones and chromones. The use of KHSO4 catalyst provides excel-
lent yields, also leading to an easy separation and recovery of the catalysts, which allows
both low environmental impact and low cost. Other green advantages of the method are
the low formation of wastes and the replacement of corrosive, soluble mineral acids.
© 2016 Academie des sciences. Published by Elsevier Masson SAS. All rights reserved.1. Introduction
Compounds containing the chromone skeleton (4H-
benzopyran-4-one) as the substructure are widely distrib-
uted in nature; they constitute a group of compounds in the
ﬂavonoid family [1]. Because of their broad range of bio-
activities, these types of molecules have been widely
investigated, and more than 10,000 chemically unique
ﬂavonoids have been isolated from the plant kingdom.
These compounds have multiple biological and phar-
macological properties, for example, anti-inﬂammatory [2],
antibacterial [2], antifungal [3], antioxidant [4], anti-HIV [5],
vasodilator, antiviral, antiallergic [6], and gastroprotective
[7]. Furthermore, it has been reported that ﬂavones have a
repelling property against somephytophagous insects and a
Coptotermes sp. subterranean termite [8,9].
The great importance ofﬂavones and related compounds
has led to the development of various methods for theiranelli).
d by Elsevier Masson SAS. Asynthesis; for example, the Kostanecki-Robinson strategy
[10], from chalcones [11], and the Wittig strategy [12].
Themost commonmethods for the synthesis of ﬂavones
and chromones involve the acylation of an o-hydrox-
yacetophenone with an aromatic acid chloride yielding an
aryl ester. The ester is then rearranged, in the presence of
one base (the BakereVenkataraman rearrangement), to a
1,3-diaryl 1,3-diketone, and ﬁnally the compound gives a
2-arylchromone for cyclodehydration [13].
This cyclodehydration is usually a catalytic reaction, and
it has been performed in different reaction media. Some
reaction conditions employed are the use of sulfuric acid
[14], sulfuric acid in glacial acetic acid [15], CoIII (salpr)(OH)
under neutral conditions [16], copper (II) chloride in
ethanol and microwaves [2], P2O5 under gridding condi-
tions [17], cationic exchange resins in isopropanol [18], and
Preyssler and Wells-Dawson heteropolyacids in bulk and
supported on silica [19,20].
On the other hand, the search of eco-friendly processes
to replace the existing task is absolutely necessary, and the
use of an inexpensive, versatile, robust and reusablell rights reserved.
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aimed at reducing waste at the source. In this way, the use
of KHSO4 as an inexpensive, stable, easily recoverable and
reusable catalyst began to be studied. Some catalytic ap-
plications of this material include the synthesis of bis-(4-
hydroxycoumarin-3-yl) methanes [21], 1-aryl-1H,3H-thia-
zolo[3,4-a]benzimidazoles [22], alkylation of tert-enamides
with indoles or amines [23], transesteriﬁcation of methyl
acetate with isobutanol [24], triarylmethanes via bisar-
ylation of aryl aldehydes with arenes [25] and N1-alkylated
3,4-dihydropyrimidine-2(1H)-ones [26].
Recently, we reported a simple procedure for the syn-
thesis of ﬂavone using KHSO4 as a catalyst. In this paper, we
extend the reaction to the synthesis of several ﬂavones and
chromones. The procedure is simple, clean and environ-
mentally friendly and includes the cyclodehydration of
1-(2-hydroxypenyl) 3-aryl-1,3-propanodiones using KHSO4
as a catalyst, under solvent-free conditions (Scheme 1).
Also, the advantages of this methodology are evaluated in
terms of a Green Metrics analysis.
In this paper, we report a simple, clean and environmen-
tally friendly procedure for the solvent-free preparation of
2-arylchromones from 1-(2-hydroxyphenyl)-3-aryl-1,3 prop-
anodiones using KHSO4 as a recyclable catalyst (Scheme 1).
1.1. General
Chemicals were purchased from Aldrich, Fluka and
Merck chemical companies and were freshly used after
puriﬁcation by standard procedures (distillation and
recrystallization). The catalyst was dried overnight prior to
its use. All the reactions were monitored by TLC on pre-
coated silica gel plates (254 mm). Flash column chroma-
tography was performed with 230e400 mesh silica gel. All
the yields were calculated from pure products. All the
products were identiﬁed by comparison of physical data
(mp, TLC and NMR) with those reported or with those of
authentic samples prepared by the respective conventional
methods using sulfuric acid as a catalyst. The melting
points of the compounds were determined in sealed
capillary tubes and are uncorrected. The 1H NMR and 13C
NMR spectra were obtained on a Bruker instrument
400 MHz model as CDCl3 solutions, and the chemical shifts
were expressed in d units with Me4Si (TMS) as the internal
standard. All the starting 1,3-diketones were prepared
following a method described elsewhere [28]. Potassium
bisulfate was dried in vacuum for 1 h at 100 C.
1.2. Representative procedure for the synthesis of ﬂavone
using KHSO4 as a catalyst
A mixture of 120 mg (0.5 mmol) 1-2(2-hydroxyphenyl)-
3-phenyl-1,3-propanedioneand200mgpotassiumbisulfateScheme 1. Solvent-free synthesis of 2-arylchromone derivatives.was heated with stirring for 120 min at 120 C. When the
reaction time was over, 3 mL ethyl acetate was added in
portions (3  1 mL), and the catalyst was ﬁltered. The ex-
tracts were combined and the organic solution was
concentrated in the vacuum, giving the pure product. The
solid products were recrystallized from methanol.
1.3. Catalyst reuse
Stability tests of the catalysts were carried out running
four consecutive experiments, under the same reaction
conditions. After each test, the catalyst was separated from
the reactionmixture byﬁltration,washedwith ethyl acetate
(21mL), and then it was dried under vacuum and reused.
1.4. Melting point, 13C NMR and 1H NMR spectra of
synthesized 2-arylchromones
Flavone (1). Mp: 96e97 C (methanol) (lit. mp:
96e99 C) [15]; 1H NMR (400 MHz, CDCl3), d: 6.80 (s, 1H),
7.41 (ddd, 1H, J ¼ 8.2, 7.1, 1.0 Hz), 7.46e7.55 (m, 4H), 7.68
(ddd,1H, J¼ 8.2, 7.1, 1.7 Hz), 7.91e7.95 (m, 2H), 8.22 (dd, 1H,
J ¼ 8.2, 1.7 Hz).
13C NMR (100 MHz, CDCl3) d 107.2, 117.5, 123.5, 124.6,
125.3, 125.8, 128.8, 131.3, 131.6, 133.1, 155.5, 163.0, 177.6.
6-Methylﬂavone (2). Mp: 122e123 C (methanol) (lit.
mp: 122e123 C) [27]; 1H NMR (400MHz, CDCl3), d: 2.48 (s,
3H), 6.83 (s, 1H), 7.48e7.56 (m, 5H), 7.94e7.96 (m, 2H), 8.03
(s, 1H). 13C NMR (100 MHz, CDCl3) d 20.7, 107.1, 117.5, 123.3,
124.7, 126.0, 128.6, 131.2, 131.6, 134.7, 135.0, 154.3, 163.0,
178.3.
7-Methylﬂavone (3). Mp: 121e122 C (methanol) (lit.
mp: 120 C) [28]; 1H NMR (250 MHz, CDCl3), d: 2.47 (s, 3H),
6.77 (s, 1H), 7.22 (d, 1H, J ¼ 9.7 Hz), 7.33 (s, 1H), 7.42e7.57
(m, 3H), 7.93e7.99 (m, 2H), 8.11 (d, 1H, J ¼ 9.7 Hz). 13C NMR
(62.5 MHz, CDCl3), d: 22.3, 107.8, 118.3, 122.3, 126.3, 127.0,
127.5, 129.3, 131.9, 132.3, 145.4, 156.5, 163.5, 178.4.
6-Chloroﬂavone (4). Mp: 184e185 C (methanol) (lit. mp:
184e185 C) [29]; 1H NMR (400MHz, CDCl3), d: 6.82 (s, 1H),
7.50e7.55 (m, 4H), 7.62 (dd, 1H, J ¼ 8.9, 2.5 Hz), 7.88e7.92
(m, 2H), 8.20 (d, 1H, J ¼ 2.5 Hz). 13C NMR (100 MHz, CDCl3),
d: 107.3, 119.8, 125.0, 125.1, 126.3, 129.1, 131.2, 131.4, 131.7,
133.9, 154.2, 163.5, 177.0.
7-Chloroﬂavone (5). Mp: 156e157 C (methanol) (lit.
mp: 156e157 C) [30]; 1H NMR (250MHz, CDCl3), d: 6.81 (s,
1H), 7.40 (dd, 1H, J¼ 8.5, 1.8 Hz), 7.49e7.54 (m, 3H), 7.60 (d,
1H, J ¼ 1.9 Hz), 7.90e7.92 (m, 2H), 8.23 (d, 1H, J ¼ 8.5 Hz).
13C NMR (62.5 MHz, CDCl3), d: 106.9, 117.9, 122.2, 125.8,
126.1, 126.6, 129.0, 131.2, 131.5, 139.4, 155.8, 163.1, 177.6.
6-Bromoﬂavone (6). Mp: 190e191 C (methanol) (lit.
mp: 189e190 C) [31]; 1H NMR (400MHz, CDCl3), d: 6.86 (s,
1H), 7.54e7.57 (m, 4H), 7.87 (dd, 1H, J ¼ 8.2, 2.4 Hz),
7.94e7.97 (m, 2H), 8.39 (d, 1H, J ¼ 2.4 Hz). 13C NMR (CDCl3,
100 MHz), d: 107.2, 119.2, 119.6, 124.9, 125.9, 127.8, 128.9,
130.8, 131.6, 136.0, 154.3, 163.5, 177.9.
7-Bromoﬂavone (7). Mp: 163e165 C (methanol) (lit.
mp: 164e165 C) [31]; 1H NMR (400MHz, CDCl3), d: 6.83 (s,
1H), 7.51e7.55 (m, 3H), 7.60 (dd, 1H, J ¼ 8.2, 1.6 Hz), 7.78(d,
1H, J¼ 1.5 Hz), 7.89e7.92 (m, 2H), 8.16 (d,1H, J¼ 8.2 Hz). 13C
NMR (100 MHz, CDCl3), d: 107.2, 121.0, 122.1, 125.8, 126.2,
128.0, 128.3, 128.7, 131.2, 131.3, 155.1, 163.2, 176.8.
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mp: 135 C) [32]; 1H NMR (CDCl3, 250 MHz), d: 6.61e6.63
(1H, m), 6.75 (1H, s), 7.14 (1H, d, J ¼ 3.3 Hz), 7.41 (1H, m),
7.50 (1H, d, J ¼ 8.2 Hz), 7.65e7.72 (2H, m), 8.22 (1H, dd,
J ¼ 7.4, 1.2 Hz). 13C NMR (CDCl3, 62.5 MHz); d: 105.2, 112.1,
112.6, 117.6, 124.0, 124.8, 125.4, 133.3, 145.5, 146.1, 154.9,
155.5, 177.3.
2-(2-Naphthyl)chromone (9). Mp: 162e163 C (meth-
anol) (lit. mp: 164e165 C) [33]; 1H NMR (400 MHz, CDCl3),
d: 6.96 (s, 1H), 7.43 (ddd, 1H, J ¼ 8.0, 6.5, 1.5 Hz), 7.55e7.62
(m, 2H), 7.62 (d, 1H, J ¼ 8.0 Hz), 7.71 (ddd, 1H, J ¼ 8.0, 6.5,
1.5 Hz), 7.85e8.02 (m, 4H), 8.24 (dd, 1H, J¼ 7.9, 1.4 Hz), 8.47
(s, 1H). 13C NMR (100 MHz, CDCl3), d: 108.0, 118.3, 122.6,
124.2, 125.5, 125.9, 127.1, 127.2, 128.0, 128.2, 129.0, 129.1,
130.1, 133.0, 134.0, 134.8, 156.5, 163.5, 178.6.
2-(1-Naphthyl)chromone (10). Mp: 142e143 C (meth-
anol) (lit.mp:138e139 C) [33]; 1HNMR(400MHz,CDCl3),d:
6.69 (s, 1H), 7.42 (dt, 1H, J ¼ 7.8, 1.3 Hz), 7.49e7.59 (m, 4H),
7.71 (dt, 1H, J ¼ 7.8, 1.8 Hz), 7.77 (dd, 1H, J ¼ 7.6, 1.2 Hz),
7.91e7.94 (m,1H), 8.03 (d, 1H, J¼ 8.1 Hz), 8.10e8.13 (m,1H),
8.32 (dd, 1H, J ¼ 7.8, 1.5 Hz). 13C NMR (100 MHz, CDCl3), d:
113.0, 118.2, 123.9, 125.0, 125.3, 125.4, 125.7, 126.5, 127.4,
127.5,128.7,130.3,130.6,131.5,133.7,133.8,156.6,165.2,177.9.
7-Chloro-2-(2-naphthyl)chromone (11). Mp: 219e220 C
(methanol) (lit. mp: 219e220 C) [34]; 1H NMR (250 MHz,
CDCl3), d: 6.96 (s, 1H), 7.42 (dd, 1H, J ¼ 8.6, 2.0 Hz),
7.57e7.65 (m, 2H), 7.68 (d, 1H, J ¼ 2.0 Hz), 7.89e8.01 (m,
4H), 8.21 (d, 1H, J¼ 8.6 Hz), 8.47 (s, 1H) 13C NMR (62.5 MHz,
CDCl3), d: 108.4, 118.5, 122.7, 122.9, 126.4, 127.2, 127.3, 127.4,
128.1, 128.5, 128.9, 129.3, 129.4, 133.6, 135.1, 140.1, 156.7,
163.7, 177.6.
7-Chloro-2-(1-naphthyl)chromone (12). Mp: 198e199 C
(methanol) (lit. mp: 198e199 C) [35]; 1H NMR (400 MHz,
CDCl3), d: 6.72 (s, 1H), 7.48 (dd, 1H, J ¼ 1.9, 8.5 Hz),
7.61e7.66 (m, 4H), 7.81 (dd, 1H, J ¼ 7.2, 1.1 Hz), 7.99e8.01
(m, 1H), 8.08 (d, 1H, J ¼ 8.2 Hz), 8.15e8.17 (m, 1H), 8.29 (d,
1H, J ¼ 8.6 Hz). 13C NMR (100 MHz, CDCl3), d: 113.6, 118.7,
122.8, 124.9, 125.4, 126.5, 127.0, 127.4, 127.9, 128.3, 129.1,
130.4, 130.6, 131.9, 134.1, 140.2, 157.1, 165.9, 177.7.
2. Results and discussion
In this work we report on the use of a solvent-free sys-
tem for the preparation of 2-arylchromones in the presence
of KHSO4 as a cheap and reusable catalyst. The ﬂavone and
chromone synthesis involves the cyclodehydration of 1-(2-
hydroxyphenyl)-3-aryl-1,3-propanodiones under solvent-
free conditions (Scheme 1).
Initially, a noncatalytic experiment using 1-(2-
hydroxyphenyl)-3-phenyl-1,3-propanodione (120 mg,
0.5 mmol) was tested, and it was observed that, under the
experimental conditions (120 C,120min and solvent-free),
only traces of ﬂavone were detected, indicating that from a
practical point of view the reaction is not taking place in the
absence of a catalyst.
Then, the KHSO4 catalyst was tested with very
good results. First, the inﬂuence of the reaction tempera-
ture on 1-(2-hydroxyphenyl)-3-phenyl-1,3-propanodione
was analyzed using 200 mg of KHSO4. In order to
obtain the optimal temperature, ﬁve temperatures were
studied (25, 60, 80, 100, 120 and 140 C). The experimentalreaction conditions were: 1-(2-hydroxyphenyl)-3-phenyl-
1,3-propanodione (0.5 mmol), 200 mg of KHSO4, and the
mixture reaction was stirred for 120 min. No reaction was
observed at 25, 60 and 80 C. A further temperature in-
crease leads to a higher ﬂavone yield. For example, the yield
of ﬂavone for a reaction time of 120 min at 100 C was 80%.
At 120 C, at the same reaction time, yield was 98%. Finally,
at 140 C the reaction yields were considerably lower (67%),
due to the several unidentiﬁed side products that were
detected by TLC. For this reason, 120 C was employed as
the ideal temperature to continuewith the analysis of other
reaction variables.
Results for the reaction time for ﬂavone synthesis under
the same reaction conditions (ﬂavone, 0.5 mmol; catalyst,
400 mg; temperature, 120 C, and reaction time, 120 min)
shows that yields of ﬂavone increased when the reaction
time increased to approx. 120 min and then remained at a
constant level.
The effects of the amount of catalyst (KHSO4)
on the yield of ﬂavone under the experimental
conditions were tested from 1-(2-hydroxyphenyl)-3-
phenyl-1,3-propanodione, 0.5 mmol; 120 C, 120 min,
using a variable amount of the KHSO4 catalyst (50, 100,
150, 200 and 250 mg). The yields increased from 88% to
98% when the amount of KHSO4 increased from 150 to
200 mg. No relevant changes of reaction yields were
observed with further increase in the amount of KHSO4.
Thus, 200 mg of KHSO4 results in the suitable amount for
this reaction.
The scale-up in chemical engineering is the migration of
a process from the lab scale to the pilot plant scale or
commercial scale. We performed the reaction at different
scales from 1 mmol to 0.1 mol. This topic is very important
in solvent-free reactions because it is difﬁcult to achieve
uniformity between the substrates and the catalyst in the
system. However no signiﬁcant changes in the reaction
yields were observed.
The reusability of the catalysts was investigated in the
sequential reaction of cyclodehydration of 1-(2-
hydroxyphenyl)-3-phenyl-1,3-propanodione. At the end
of each run the catalyst was removed, washedwith toluene,
dried in the vacuum at 40 C and reused. The results
showed that the reuse of the catalyst in four consecutive
runs results in no appreciable loss of its catalytic activity
(98%, 96%, 96%, and 95% of ﬂavone yields, respectively).
Under the optimized conditions: substituted 1-(2-
hydroxyphenyl)-3-aryl-1,3-propanodione, 0.5 mmol;
KHSO4, 200 mg; 120 C; and 120e150 min, twelve ﬂavones
and chromones were prepared. Results are given in Table 1.
In all the cases, the desired products were obtained with
high selectivity, almost free of secondary products. The
unchanged starting materials were recovered nearly
quantitatively. No relevant stereoelectronic effects on the
yields due to the substituent were observed.
Finally, in order to quantify how much 'greener' the
methodology is, the Atom Economy (AE), Atomic efﬁ-
ciency factor (E), Process Mass Intensity (PMI) and Eco-
Scale were calculated for each reaction product and the
results are presented in Table 1 for each compound. We
compared these values with the ones previously reported
in the literature, and it is important to note that this
Table 1
Solvent-free synthesis of 2-arylchromones.
Entry Product Time (min) EA (%) E factor PMI Eco-scale Yield (%)a
1 120 92.5 32.75 33.99 86 98
2 120 92.9 33.01 34.05 84.5 95
3 120 92.9 30.87 32.64 85 96
4 150 93.4 30.30 32.03 82 90
5 150 93.4 30.64 32.39 84.5 89
6 150 94.4 26.40 27.91 81 88
7 150 94.4 27.02 28.56 80 86
8 150 93.0 32.74 34.62 81.5 89
9 120 93.8 29.22 30.89 81 88
10 120 93.8 28.57 30.20 82 90
11 120 94.5 27.83 29.42 78 82
12 120 94.5 27.17 28.72 79 84
Reaction conditions: Solvent-free; substrate, 0.5 mmol; catalyst, KHSO4; 400 mg; temperature, 110 C; stirring.
a Isolated yield.
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ﬂavones [36].
It can be observed in Table 1 that the proposed meth-
odology gives excellent yields (82%e98%). Green metrics
parameters also showed a very environmentally friendly
methodology for the synthesis for 2-arylchromones.
3. Conclusion
The present catalytic strategy represents an environ-
mentally friendly process in comprehensive consideration
compared with other systems listed in publications. The
method provides a simple, clean, solvent-free reaction and
useful alternative for preparing 2-arylchromones. The uti-
lization of the KHSO4 catalyst gives excellent yields and
easy separation and recovery of the catalyst for further use.
The catalytic activity was constant in consecutive batches,
and the high recovery of the catalyst allows for both low
environmental impact and low cost. Other green advan-
tages are the low formation of wastes and the replacement
of corrosive, soluble mineral acids such as sulfuric, hydro-
chloric acids.
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